The Fault-Tolerant Permanent Magnet Rim Driven Motor (FTPM-RDM) is a high performance, high reliability marine driven motor. The short-circuit current and the mutual inductance voltage generated by the short-circuit current are important parameters to indicate the fault-tolerant performance of a motor. Increasing self-inductance and decreasing mutual inductance is an important method to improve fault tolerance of a FTPM-RDM. In this paper, the influence of positive wounded winding structure and positive and negative wounded winding structure of a 24-slot motor on the self-inductance and mutual inductance is analyzed by the winding function method. The conclusion that the positive and negative wounded winding structure has high self-inductance and low mutual inductance is revealed. This conclusion is generalized to the winding design in a general structure motor, and a generalized method of winding reconstruction is proposed. The simulation results show that the proposed winding reconstruction method can effectively increase self-inductance and significantly reduce mutual inductance to improve the fault tolerance of a FTPM-RDM. A motor prototype is produced and the experimental results have verified the correctness and feasibility of the proposed method.
I. INTRODUCTION
The Rim-Driven Thruster (RDT) is a new type of Marine electric propulsion device which integrates propeller and motor [1] , [2] . With the development of Marine all-electric propulsion system, the RDT has gradually attracted attention from various countries due to its small size, high propulsion efficiency and easy disassembly [3] , [4] . At present, the basic idea of using brushless DC motor and permanent magnet synchronous motor as the inner motor of RDT has been formed [5]- [7] . As traditional brushless DC motor and permanent magnet synchronous motor have no fault-tolerant ability, the ship will lose power when the fault occurs. Therefore, a fault-tolerant permanent magnet rim driven motor (FTPM-RDM) is proposed in [8] .
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The concept of Fault-Tolerant Permanent Magnet Motor (FTPMM) was first proposed by Professor B.C. Mecrow of Newcastle University in the United Kingdom. It is especially suitable for use in aircraft, ship, electric vehicle and medical fields where the reliability of propulsion system is significant [9] , [10] . It can be predicted that the reliability of RDT will be greatly improved if FTPMM is used as the inner motor.
Self-inductance and mutual inductance are important parameters of a FTPMM. The short-circuit current in a FTPMM is suppressed by increasing the self-inductance, and at the same time, the induced voltages in healthy phases produced by the fault short-circuit current are limited by reducing the mutual inductance [11] .
At present, there are many literatures about self-inductance and mutual inductance in a FTPMM. The main components of self-inductance in a FTPMM with concentrated winding structure are magnetizing inductance, notch leakage inductance and in-slot leakage inductance. The analytical formula of self-inductance was derived based on the magnetic circuit method, and the calculation error was less than 5.6% [12] . The magnetic pressure dropping parameters and calculated thickness parameters of the notch were introduced in the self-inductance analytical formula in [13] , and the calculation error of the analytical method was reduced to less than 1.3%. The demagnetization caused by the partial saturation effect of the motor will reduce the self-inductance of winding and a simplified calculation method of the saturation inductance was given in [14] . At present, in relevant literature, the analysis of self-induction of FTPMM is based on the certain structure, and the influence of different winding distribution on the magnetizing induction has not been studied [15] .
The two-layer concentrated winding structure has a low mutual inductance comparable to that of a single layer concentrated winding by optimizing the choice of phase number and slot-pole combination [16] . However, due to the poor thermal isolation between phases in a two-layer winding structure, the single-layer winding structure is still a common design scheme for the FTPMM. It was pointed out that FTPMM with positive and negative winding structure has smaller mutual inductance in [17] . The self-inductance and mutual inductance expressions of a five-phase 20-slot 18-pole single-layer concentrated winding FTPMM with low mutual inductance are given in [18] . The research on mutual inductance of FTPMM mainly focuses on the calculation of mutual inductance under certain structure, but does not analyze the influence of winding distribution on mutual inductance.
Due to the thin yoke of stator and rotor, the unconventional multi-pole design is often adopted to FTPM-RDM [19] . As the large number of poles, slot-pole combinations and winding distribution of FTPM-RDM are various [20] . From the literature above, it can be seen that the winding distribution has a great influence on self-inductance and mutual inductance under a certain slot-pole combination. Therefore, by studying the influence of winding distribution on the self-inductance and mutual inductance of FTPM-RDM with a certain slot-pole combination, optimizing the motor structure can effectively improve the fault tolerance of FTPM-RDM.
At present, the method of winding periodic repetition of unit motor is adopted in the winding arrangement of multi-pole FTPMM [21] . In this paper, the influence of winding distribution on the self-inductance and mutual inductance in a FTPM-RDM is analyzed by the winding function method. A generalized winding reconstruction method for improving self-inductance and reducing mutual inductance is proposed, and is adopted to a FTPM-RDM prototype to rebuild the winding structure and improve the fault-tolerant performance of FTPM-RDM. At last, the correctness and feasibility of the proposed method are verified by simulation and experimental results. 
II. INDUCTANCE CHARACTERISTICS OF FTPM-RDM A. INDUCTANCE ANALYSIS OF FTPM-RDM
The structure of the six-phase FTPM-RDM is shown in Fig. 1 . There are isolation teeth between each winding to achieve physical isolation, magnetic isolation and thermal isolation between phases. Six-phase FTPM-RDM has two sets of three-phase windings, A, B, C and U, V, W.
For the convenience of solving, it is assumed that the motor air gap is smooth, the magnetic permeability of the ferromagnetic material is infinite, and the influence of slots is neglected. The actual distribution of phase A winding in space is described as number function. The number function minus its average value on the circumference is its winding function N A (θ m ), and can be expressed as [22] :
where n A (θ m ) is number function, n A (θ m ) is the average value of number function on the circumference and θ m is mechanical angle. If the stator structure and turns number of winding are kept constant, the leakage inductance in stator slot and in notch are not changed. Therefore, it is possible to observe the change of self-inductance by studying the change of the magnetizing inductance. The formula for the magnetizing inductance L mA can be expressed as:
where µ 0 is vacuum permeability, r is the radius of 1/2 air gap between stator and rotor, L eff is motor axial length and g 0 is air gap thickness. Since single-layer concentrated winding structure of FTPM-RDM only has one phase winding in each slot, and has the isolated teeth between phases, the mutual inductance between phases in stator slot and notch can be neglected. The mutual inductance L AB of FTPM-RDM can be calculated by:
According to literature [23] , the 24-slot 14-pole six-phase FTPM-RDM has two windings in each phase. It has two winding distributions, one is positive wounded winding structure, another one is positive and negative wounded winding structure, which can be shown in Fig. 2 . The spatial distribution of phase A winding function in positive wounded winding structure is shown in Fig. 3 . Where n t is the number of conductors per slot. According to equation (2), the magnetizing inductance of phase A can be calculated as:
The spatial distribution of phase A winding function in positive and negative wounded winding structure is shown in Fig. 4 . According to equation (2), the magnetizing inductance of phase A can be calculated as:
The calculation results show that the magnetizing inductance of positive and negative wounded winding structure increases by 9.1% compared with positive wounded winding structure. Therefore, the positive and negative wounded winding structure has larger magnetizing inductance.
Similarly, the spatial distribution of phase B winding function in positive wounded winding structure is shown in Fig. 5 . According to equation (3), the mutual inductance between phase A and B can be calculated as:
The spatial distribution of phase B winding function in positive and negative wounded winding structure is shown in Fig. 6 .
According to equation (3), the mutual inductance between phase A and B can be calculated as: From equation (6) and (7), it can be seen that the positive and negative wounded winding structure has a lower mutual inductance.
B. SIMULATION AND ANALYSIS OF FTPM-RDM INDUCTANCE
In reality, the cogging effect is not negligible, and the stator core permeability is not infinite. Therefore, Maxwell was used to build a simulation model to simulate the actual situation. Since the waveform of winding function is the same as the air gap radial magnetic density generated by phase winding, when the permanent magnet is not excited and a DC current is applied to the corresponding winding, the air gap radial magnetic density waveform can reflect the distribution of winding function. When the permanent magnet is not excited and only the DC current is applied to phase A winding, the air gap radial magnetic density and the distribution of magnetic force lines generated by positive wounded winding structure and positive and negative wounded winding structure is shown in Fig. 7 and Fig. 8 . As shown in Fig. 7 and Fig. 8 , the total air gap radial magnetic density of phase A is the combination of radial magnetic density generated by phase A windings in each tooth. In positive wounded winding structure, there is a part of magnetic force lines coupled to other phases through air gap, which results in mutual inductance. But in positive and negative wounded winding structure, the magnetic force lines through the air gap is still coupled to itself, and there is almost no magnetic coupling with other phases, so the phase to phase mutual inductance can be ignored. Because of the cogging effect and the core permeability is not infinite, according to the principle of the distribution of magnetic force line along the path of minimum magnetoresistance, both the air gap radial magnetic density and the winding function are distorted.
The self-inductance and mutual inductance of phase A in positive wounded winding structure and positive and negative wounded winding structure are shown in Fig. 9 and Fig. 10 .
From the finite element simulation, it can be seen that the positive and negative wounded winding structure has higher self-inductance and lower mutual inductance. Theoretical and simulation studies show that the FTPM-RDM with positive and negative wounded winding structure has greater capability of fault tolerance. 
III. METHODS TO IMPROVE FTPM-RDM FAULT TOLERANCE A. ANALYSIS OF A GENERAL STRUCTURE FTPM-RDM INDUCTANCE
It is assumed that in each phase the number of positive wounded windings is a, and the number of negative wounded windings is b. The number of windings in each phase is c, and c equals a plus b. The nonzero interval length of the number function on each tooth of phase A is 2π/Q s , Q s is the number of slots. In the nonzero interval of the number function of positive wounded winding, the winding function is:
In the interval where the number function of negative wounded winding is not zero, the winding function is:
The magnetizing inductance of FTPM-RDM can be calculated as:
The mutual inductance of FTPM-RDM can be calculated as:
From (10) and (11), it can be seen that when the number of windings in positive and negative directions become closer, the magnetizing inductance become larger, and the mutual inductance become smaller. The maximum self-inductance and the minimum mutual inductance under a certain pole and slot combination are shown in formula (12) and (13):
Therefore, if the winding number of each phase is even, and the winding number with the positive direction winding is equal to the winding number with the negative direction winding in the same motor structure, the motor has the largest self-inductance and the smallest mutual inductance. If the winding number of each phase is odd, and the difference between the winding number with positive direction winding and negative direction winding in the same structure is ±1, the largest self-inductance and the lowest mutual inductance can be achieved. 
B. METHOD OF WINDING RECONSTRUCTION
From the analysis above, it can be seen that when the number of positive winding and negative winding is the closest, the motor has the maximum self-inductance and minimum mutual inductance. Therefore, the purpose of improving self-inductance and reducing mutual inductance can be achieved by changing the winding structure, and so as to improve the motor's ability to suppress short-circuit current and reduce mutual induction voltage.
Since the symmetric even-numbered phase of FTPM-RDM with positive wounded winding structure have the same wounded direction between two phases, and phase difference of electrical angle between this two phases is 180 • , a part of the windings of the two phases can be taken out separately, rewound and exchanged, so that each phase has both positive and negative wounded windings. In this paper, a winding reconstruction method based on the idea of exchanging symmetrical phase's windings is proposed to improve self-inductance and reduce mutual inductance of the FTPM-RDM. The flow chart of winding reconstruction method of a six-phase FTPM-RDM with two sets of symmetrical three-phase windings is shown in Fig. 11.   FIGURE 11 . Flow chart of winding reconstruction method.
C. EXAMPLES OF WINDING RECONFIGURATION METHODS
Taking a six-phase 48-slot 40-pole FTPM-RDM as an example, the realization process of winding reconstruction method proposed in this paper is described in detail. The six-phase FTPM-RDM winding structure before and after winding reconstruction is shown in Fig. 12 . As shown in Fig. 12(a) , each phase has four positive windings before winding reconstruction. In Fig. 12(b) , each phase has three positive windings and one negative winding. The difference between the number of positive winding and negative winding is 2. In Fig. 12(c) , the number of positive windings and negative windings is both two. The difference between the number of positive winding and negative winding is 0.
RMS value of self-inductance and mutual inductance of FTPM-RDM before and after winding reconstruction is shown in Table 1 . From Table. 1, it can be seen that by reducing the difference between the number of positive and negative windings, the self-inductance can be increased and the mutual inductance can be reduced. The short-circuit current in phase A and the voltage induced by the short-circuit current in the non-fault phase before and after winding reconstruction are shown in Table 2 . Simulation results show that in a same FTPM-RDM structure, the maximum self-inductance and minimum mutual inductance can be obtained by winding reconstruction method as shown in Fig. 11 . This method can also improve the ability of suppressing short-circuit current and improve magnetic isolation. It is suitable for the existing symmetric even phases FTPM-RDM with positive winding structure.
IV. EXPERIMENTAL VERIFICATION
The winding reconstruction method is applied to a 36-slot 30-pole symmetrical six-phase FTPM-RDM, and the optimized winding distribution is shown in Fig. 13 .
Using the optimized winding distribution shown in Fig. 13 , a FTPM-RDM prototype is processed. The main parameters of the FTPM-RDM prototype are shown in Table 3 . The stator and rotor structure of FTPM-RDM prototype are shown in Fig. 14. In this paper, only the electrical properties of FTPM-RDM are considered. In order to reduce the manufacturing cost, the propeller is replaced by a hollow rotor.
The no-load back electromotive force of FTPM-RDM is shown in Fig.15 :
The rms value of no-load back EMF of FTPM-RDM is about 94V, which matches the value of DC bus. The terminal of phase A winding is shorted by a sliding rheostat, and the measured short-circuit current of phase A at rated speed is shown in Fig. 16 .
The current probe represents 1A per 100mV, and the measured short-circuit current effective value is 3.49A, which is about 1.23 times of the rated current. The experimental result shows that FTPM-RDM has good ability to suppress shortcircuit current.
When the short-circuit fault occurs, the rms value of the induced voltage in healthy phases at the rated speed are shown in Table 4III . It can be concluded from Table 4 that the rms value of the induced voltage are almost kept the same before and after the short-circuit fault occurs, which indicates that the optimized winding structure can effectively reduce the mutual inductance and improve the magnetic isolation of the FTPM-RDM. 
V. CONCLUSION
In this paper, the influence of winding distribution on the self-inductance and mutual inductance of a FTPM-RDM is analyzed by the winding function method. The reason why the positive and negative wounded winding structure has lower mutual inductance and higher self-inductance is revealed, and a general conclusion is derived. Based on this analysis, a winding reconstruction method for a symmetric even-numbered phase FTPM-RDM is proposed. By changing the winding distribution, a FTPM-RDM can achieve the largest self-inductance and the lowest mutual inductance under the same structure, thus the ability to suppress the short-circuit current and magnetic isolation between different phases can be improved. The correctness of the reconstruction method proposed in this paper is verified by simulation and experimental results. And the next step is to optimize the structure of the FTPM-RDM to further improve the overall motor performance. 
